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BUCKLING TESTS OF TWO 4.6-METER-DIAMETER, MAGNESIUM
RING-STIFFENED CONICAL SHELLS LOADED
UNDER EXTERNAL PRESSURE

By James Kent Anderson and Randall C. Davis
Langley Research Center

SUMMARY

Two ring-stiffened magnesium conical shells with a 120° apex angle and a
4.6-meter diameter were loaded to failure by a uniform external pressure. The cones
differed from one another only in the number of internal stiffening rings. Test specifﬁen
details, test procedure, and fest results are discussed. Both buckling and prebuckling
data are compared with appropriate theoretical predictions. Measured strains in skin
and rings agreed well with theoretical predictions. Extensive imperfection measure-
ments were made and reported on both cones in the "as fabricated' condition.

INTRODUCTION

Resuilts of structural tests on two large magnesium conical shells are presented
and compared with contemporary theoretical predictions. The size, mass, and configu-
ration of these shells are such as to be applicable to space missions where large, light-
weight, blunt-shaped structures are needed for deceleration in a thin atmosphere, such
as that of the planet Mars,

The test specimens are truncated conical shell structures which have an apex angle
of 120° and a base diameter of 4.6 meters. The overall shape and loading of the cones
are shown in figure 1. The base edge (large-diameter end) and the truncated edge (small-
diameter end) are supported by relatively stiff tubular rings, and the wall of the cone is
stiffened by smaller tubular rings. The cones are loaded by a uniform external pressure,
with the load being supported or reacted at the ring at the truncated end. The two cones
differ only in the number of internal stiffening rings. Little test information is available
on this type of structure under this loading,

This paper describes the geometry and fabrication of the specimens, the test setup,
and test procedure and discusses the test results and compares these results with theo-
retical predictions. Test results include the prebuckling strain distributions in the shell
wall and the cone buckling phenomenon. To characterize the buckling behavior, this paper



reports the collapse external pressure load, apparent shape of the buckling mode, deflec-
tion of the base edge at buckling, and the pressure-strain history in an area of maximum
wall deflection. Also included in this paper is an extensive initial imperfection survey of
the surface of each cone. These measurements are given in appendix A. Appendix B dis-
cusses in some detail the' analyses to which the test data in this report were compared.

SYMBOLS
The units used for physical quantities defined in this paper are given in the

International System of Units (SI). Correlation between this system of units and
U.S. Customary Units is given in reference 1.

n . number of circumferential buckling waves
Doy critical buckling pressure, N/m?2
Pyit collapse pressure, N/m?2
R radius, m
s meridional coordinate with origin at base ring, m
SL meridional length between attachment of base ring and payload ring, m
X axial coordinate, m
y radial coordinate, m
.
z . normal coordinate, m o
€5, outside surface meridional strain
€s; inside surface meridional strain
€06 outside surface circumferential strain
€6 inside surface circumferential strain
€gp circumferential strain in inner stiffening rings



TEST SPECIMENS

The two test specimens are essentially identical except for the number of small
internal stiffening rings. Cone 1 has 31 of these rings and cone 2 has 25 of these rings.
A general overall view of the test cones is shown in figure 2. Construction details with
nominal dimensions are shown in figure 3. Actual measured dimensions are given in
table 1.

Each cone is formed from 12 panels which are fastened together at butt joints with
doubler strips, both inside and outside; the panels and strips are fastened together by
both rivets and a room-temperature-curing structural adhesive, with the rivets being
the primary fastening system. The shell wall is reinforced on the outside surface at
both the small and the large end by doubler strips, which are both riveted and bonded to
the wall,

The 4.5-meter-diameter tubular ring (base ring) having a section with a 15.2-cm
outside diameter (0.D.) is fastened to the shell wall by rivets. The base ring is fabri-
cated from three equal-length segments fastened together by the use of riveted coupling
sleeves. A structural membrane, which is used as a pressure seal in the test setup, is
attached to the cone at the base ring and is held in place by rivets and an adhesive at the
junction of the base ring and shell wall.

The 2.0-meter-diameter tubular ring (termed the payload ring if the structure is to
be used as a decelerator in a space mission) having a section with a 6.4-cm outside diam-
eter is fabricated from two equal-length segments fastened to each other and to the shell
wall in the same manner as the base ring. The tubular rings with 1.9-cm outside diam-
eter which are used to stiffen the wall are fabricated from as few segments as practical
and fastened together with rivets and coupling sleeves. These joints are staggered about
the cone with respect to adjacent ring joints. Rivets are used to attach these rings to the
wall.

All the tubes were extruded from ZK60A magnesium alloy and were heat treated to
the T5 condition before delivery to the NASA Langley Research Center. The skin was
fabricated from rolled AZ31B magnesium alloy and delivered in the H24, or hard-rolled,
condition,

Preliminary stress analysis of the cones indicated that the shell wall at the small-
diameter end would be subjected to excessive circumferential tensile stresses if the cones
were loaded to the expected test pressures. The inverted inner cone shown in figure 3
was riveted to the payload ring to alleviate this condition by restraining the rotation of
the ring under load. A reanalysis showed that circumferential tensile stresses were
reduced when the ring rotation was constrained. This inner cone was fabricated from
7075-T6 aluminum alloy.



An extensive imperfection survey was made of the shell in an "as fabricated" and
no-load condition. Measurements were made along meridional lines every 5° around
the circumference with the use of a straightedge and with the base ring and payload ring
as end reference points. Normal departures of the conical surface from a straight line
were measured with an electrical device and autographically recorded on a continuous
plotter. The measurements are presented in appendix A and show that both cones were
of very good quality and adhered closely to the prescribed geometry. These cones were
fabricated by the Langley Research Center Fabrication Division.

TEST PROCEDURE

Each cone was instrumented with 146 strain gages to provide a comprehensive
strain survey for evaluation of cone response to applied external surface pressure. In
addition, the base ring on each cone was instrumented to measure vertical and horizon-
tal displacements during loading.

A schematic view of the test setup is shown in figure 4. The inner steel conical
test fixture, the test cone, and a membranelike skirt at the base ring form an airtight
chamber. By pumping a partial vacuum in this chamber, a uniform external pressure
is exerted on the test cone, which is reacted at the bottom of the payload ring by the flat
machined surface at the top of the conical test fixture. The membranelike skirt which
seals the chamber is intended to provide minimal restraint to the shell during loading by
restricting the loading from the membrane to a small meridional load applied tangentially
to the inside surface of the shell. Loading pressure was controlled by manually operated
valves, and the resulting pressure-strain response for selected gages was monitored on
two oscilloscopes. Test data were recorded automatically with the use of the Langley
central digital data recording facility. Figure 5 is a photograph of the major components
of the test setup without the test cone.

Two types of tests were conducted on each cone, one to determine the prebuckling
strain distribution in the test cones as a function of pressure and the other to determine
buckling pressure, buckling mode, base-ring displacements, and strain at buckling.

The prebuckling.strain distribution tests were made with pressures up o 13.8 kN/m2
(0.136 atmosphere), which was considerably less than the predicted buckling pressure.
For these tests, three of the 12 panels, 120° apart, were extensively instrumented with
strain gages, the number of gages being limited by the number that could be recorded in
one test. For the buckling tests, strain gages were located at points of expected maxi-
mum buckling deflections to record the skin and ring strains and thus indicate the buck-
ling mode. One panel on each of the cones was also instrumented with a sufficient num-
ber of strain gages to indicate the circumferential strain profile at buckling, The
horizontal and vertical displacements of the base ring were also measured during the
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buckling tests; for this purpose, displacement transducers were placed at two locations,
180° apart, on the base ring.

Photographs were taken after each cone had been loaded to failure. Then each cone
was cut into three parts and micrometer measurements were taken of the structural com-
ponents. The results of these measurements are given in table 1.

TEST RESULTS

Two different sets of tests were conducted on each cone, one to determine the pre-
buckling strain distribution and the other to obtain information on the buckling of the
cones.

Prebuckling Strain Distribution Tests

A comparison of the measured and predicted prebuckling strain distributions is
presented in figures 6 to 9. Two computer programs, BOSOR 2 and SALORS, were used
to compute the theoretical strain values. These programs are discussed briefly in
appendix B.

In figures 6 and 7 outside and inside surface circumferential skin strains are
plotted against the dimensionless meridional distance s/sL, where s/sL is measured
in such a way that the base ring is at s/sy, = 0 and the payload ring is at s/sy, = 1.0.
Test strain measurements were taken from three panels on each cone, each panel being
120° apart. The location of these panels and their imperfection measurements are given
in appendix A. ‘

Theoretical and measured strains in the internal stiffening rings of cones 1 and 2
are compared in figures 8(a) and (b), respectively. Test results revealed that the base
rings were subjected to light compressive strains in the circumferential direction. The
payload rings, on the other hand, were relatively highly strained at the 13.8 kN/ m2 pre-
buckling pressure loading; tensile strains of approximately 0.0012 were measured as a
result of the bending produced by the payload ring rotation.

Outside surface prebuckling strains in the meridional direction along a meridional
line are shown in figures 9(a) and (b) for cones 1 and 2, respectively. The theoretical
curve for the meridional strains predicted by using SALORS has a number of discontinu-
ities which occur at ring attachment points. These discontinuities reflect the rapid
change in strain which occurs across ring attachment points. The meridional strains
predicted by using BOSOR 2 represent the average of the strains caused by the discrete
rings; thus discontinuities are not evident on the curve. Only the theoretical meridional
strains on the inside surface of the skins for cones 1 and 2 are shown in figures 10(a)
and (b), respectively, since data collection limitations precluded the placing of strain
gages on these inner surfaces.



Buckling Tests

The buckling character of both cones 1 and 2 was almost identical, with failure
accompanied by a "'snap" type noise and the simultaneous appearance of several large
buckles (general instability) about the circumference of each cone. Just prior to col-
lapse, strain measurements in the region of expected maximum buckling displacements
began to show strain reversal or nonlinearity, which indicated that the wall in this area
had begun to bend. The maximum pressure at collapse for cone 1 was 23.10 kN/m?2,
and the apparent buckling mode contained six circumferential waves. The appearance
of the external surface showed very little evidence of failure after pressure load had -
been removed. Inspection of the interior of the cone revealed that there were three
meridional lines around the cone where the internal rings had been crippled. The three
lines were spaced about a wave length apart. Figure 11 shows the external surface of
cone 1 after buckling and while still under pressure loading. The horizontal or radial
displacement of the base ring at buckling was only a few thousandths of a centimeter
inward; however, the vertical displacement was between 0.74 and 1.04 cm downward.

The maximum pressure at collapse for cone 2 was 22.06 kN/ mz, and the apparent
buckling mode also contained six circumferential waves. The appearance of this cone
_after removal of pressure was similar to that of the first one. Figure 12 shows the
exterior surface of cone 2 after buckling and while still under pressure loading. Fig-
ure 13(b) shows an overall view of the interior of cone 2 after removal from the test
setup, and figure 13(a) shows a closeup view of the crippled rings. The base ring expe-
rienced only slight inward displacement at buckling, while the vertical displacement was
between 0.66 and 0.91 cm downward.

Test procedure for the buckling test called for all 12 panels of each cone to be
instrumented with a sufficient number of strain gages to determine wall bending and to
anticipate the onset of buckling. These gages were placed midway between panel seams
and at the meridional station in the vicinity of maximum deflection. Inspection of the
test data showed that panel 9 of cone 1 exhibited the most wall bending during the buckling
tests; strain-gage data from this area are shown in figure 14(a). The back-to-back strain
gages located on the skin (gages 1 and 2 and gages 4 and 5) indicated that the compressive
strain became smaller as the pressure loading approached the collapse level, while the
strain gage located on the stiffening ring (gage 3) indicated an increase in compressive
strain. Thus, these strain data show that the wall is bending in this area and producing
a convex outward curvature. For cone 2, the most wall bending occurred in panel 1,

(See fig. 14(b).)

One panel on each cone was instrumented with a sufficient number of strain gages
to indicate the strain profile at buckling. Figures 15 and 16 present the outside and
inside circumferential strain profile at buckling for each cone and also at several lower
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pressures for trend comparison. Test data are plotted at discrete points as shown; how-
ever, a continuous curve is faired through these points to indicate the approximate strain
levels at points where data were not taken.

Theoretical buckling predictions from BOSOR 2 and SALORS are given in table 2
along with the test values,

Discussion of Test Results

After failure, each cone maintained the ability to carry some pressure loading
although at a lower level than the collapse pressure. Each cone buckled into an appar-
ent general instability mode of six circumferential waves although both buckling com-
puter programs (BOSOR 2 and SALORS) predicted buckling modes of seven waves. Fab-
rication details of the test cones may be responsible for the difference in the theoretically
predicted mode and apparent test mode because of the closeness of the buckling pressures
for the buckling modes of six and seven waves, as discussed in appendix B. The cone was
built from 12 panels and buckled into six circumferential waves, and the interior rings
crippled at or very near panel joints.

Good agreement between test and theory was obtained for the meridional strains
except in the vicinity of the payload ring of cone 1. Here there was large scatter of the
test points; the lack of agreement in this region might be due to some shell imperfections
although examination of the imperfection plots given in appendix A do not indicate any
large geometric imperfections.

Theoretical predictions of buckling pressures usually are higher than actual test
results. The BOSOR 2 analysis predicts a buckling pressure that must be reduced by
about 19 percent for each cone for agreement with test results. The SALORS analysis
predicts a buckling pressure that must be reduced by approximately 18 and 12 percent
for cones 1 and 2, respectively.

The tests also verified that the base rings were sufficiently stiff to prevent inexten-
sional shell buckling. This problem had been studied earlier by Cohen (ref. 2).

CONCLUDING REMARKS

The test results from an investigationito determine the buckling phenomenon and
structural response caused by applied uniform external pressure on two magnesium,
ring-stiffened conical shells, with dimensions applicable to space missions involving
structural decelerators, have been presented. Insight was also gained as to the practi-
cal fabrication of such large shells, in that results of imperfection measurements per-
formed on these cones indicate that similar shells with like proportions can be built to
close tolerances.



Test results were compared with two contemporary sophisticated shell-of-revolution
analyses. The prebuckling test strains for both the skin and the rings agreed very well
with those predicted by the two shell analysis programs, BOSOR 2 and SALORS, Both
cones buckled into a general instability buckling mode with six circumferential waves.

Both analysis programs predicted a buckling mode of seven waves for each cone, com-
pared with the six waves in the tests; however, construction details of the cones may be
responsible for this discrepancy. The BOSOR 2 and SALORS analyses predicted a criti-

cal buckling pressure that should be reduced by about 20 percent for ?.dequate agreement
with the tests.

Langley Research Center,
National Aeronautics and Space Administration,
Hampton, Va., May 25, 1973. ‘



APPENDIX A
SHELL SURFACE IMPERFECTION MEASUREMENTS

The conical shell surfaces of both cones were measured extensively to determine
the geometric imperfections present in an "as fabricated' and no-load condition. The
distances from a straight meridian to the surface of the cones were established along
meridional lines between the shell doublers located at each end of the cones. Measuré-
ments were taken every 5° around the circumference starting at the seam between
panels 12 and 1 and proceeding counterclockwise. Figure 17 shows locations on the
panels where imperfection measurements were made and shows meridional locations
where strain gages were installed for the prebuckling tests and for the buckling tests.

Figure 18 presents the imperfection measurements for all 12 panels of cone 1, and
figure 19 presents those for cone 2. Each panel is numbered for reference in the test
and figures.



APPENDIX B
PREBUCKLING AND BUCKLING ANALYSES FOR TEST CONES

Two computer programs, SALORS and BOSOR 2, were used to analyze the cones
reported in the text. A discussion and comparison of these programs are given in ref-
erence 3. Both systems employ finite-difference procedures; however, BOSOR 2 applies
the difference approximations to the energy expression, whereas the SALORS program
applies the difference approximations to the differential equations. In these analyses,
Young's modulus for the magnesium alloys was taken to be 44.8 kN/m2 and Poisson's
ratio to be 0.35,

The SALORS program (Structural Analysis of Layered _O_rthotropié Ring-Stiffened
Shells of Revolution) is described in detail in reference 4. The theoretical predictions
given in the text are based on the analytical model of the cones shown in figure 20(a).
This model is formed from two conical segments, the magnesium cone and the aluminum
inverted inner cone. There is one major construction difference between the analytical
model and the test cone, that is, the inverted inner cone is not attached to the payload
ring in the analytical model but instead is considered to be attached to the edge of the
magnesium cone. The program describes the ring properties at one discrete point and
thus could not reflect the fact that the payload ring is connected to two conical segments.
The external pressure loading was considered to be live (load remains normal to the
deformed surface). A nonlinear analysis was used to compute the prebuckling strain
distributions, whereas a linear prebuckling stress state was used in the stability analysis.

The BOSOR (Buckling Of Shells Of Revolution) program is described in detail in
reference 5. The analytical model is given in figure 20(b). BOSOR 2 treats the attach-
ment of the inverted inner cone to the payload ring in a different fashion than does
SALORS. The program has the capability of treating segments of shells that are not
continuous by maintaining adjacent segment edges a fixed distance apart during loading.
External pressure loading was not considered to be live, Prebuckling strains were com-
puted by using a nonlinear analysis for both the prebuckling strain distributions and the
buckling analysis.

Figure 21 is a plot of the buckling pressure as a function of buckling mode number
as computed by BOSOR 2 for its analytical model. The closeness in the buckling pres-
sures for the buckling modes of 6 and 7 is apparent, thus lending credibility to the
assumption that the construction details of the test cones may have affected the buckling
modes.
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TABLE 1.- MEASURED CONE DIMENSIONS

Inner stiffening ring

-1 Wall thickness

Thickness of Wall thickness
Cone | skin of wall - : : of payload ring,| of base ring
e ? Outs1dec%11ameter, Wall tg:gkness, cm ’ em ’
1 0.130 1.906 0.069 0.323 0.398
2 0.133 1.916 0.072 0.323 0.398

12

TABLE 2.- BUCKLING RESULTS FROM TESTS AND THEORY

BOSOR 2 SALORS Test
Cone Pers n Pers n Puit» n
kN/m?2 ‘ kN/m?2 kN/m?2
1 28.70 7 28.17 7 23.10 6
2 27.20 7 25.12 7 22.06 6
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Figure 11.- Outside surface of cone 1 after buckling and while still under pressure loading.
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